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ABSTRACT
The domino effect related to the projection of fragments in an industrial environment occurs when an element
of a system, such as a chemical vessel, undergoes catastrophic fragmentation as the result of an explosion. The
high-velocity fragments then impact and damage neighboring systems, which then leads to other dangerous
scenarios such as loss of containment, fires or even other explosions. Of all industrial accident scenarios, those
involving throwing of fragments have the greatest range from the accident point, well over 1 km. This process
has been seen in several major accidents worldwide. In this work, a methodology for the assessment of that
kind of domino effect scenario was proposed, this methodology was developed considering the three steps in
which that event is divided: fragment generation, trajectory calculation and impact damage. In the first step,
fragmentation patterns were studied using numerical simulations. For this, the internal explosions of 100
stainless steel 304 vessels with spherical geometry, diameters between 1 m and 20 m and thickness in a range
from10 mm to 90 mm, were simulated with the software of material dynamics modeling ANSYS-AUTODYN.
For the fragmentation process, the burst pressure of each vessel was estimated with Svenneson’s equations,
likewise, the explosion energy was calculated using Baum’s equations; with this information the explosion was
modeled with an equivalent quantity of TNT. The explosive load was simulated using the Smoothed-Particles
Hydrodynamics (SPH) method and the tank were meshed with a 3D Lagrangian grid. In addition, Mott’s
stochastic fragmentation model was implemented in order to simulate a material with heterogeneous
microstructure. The probability density functions (PDFs) of number, mass, velocity and size data of the
fragments generated after the explosion were obtained as a result of this step. These PDFs were used as input
in the second step, trajectory calculation. In this step, 3D kinematics equations were employed to calculate the
fragments paths during their flight and the feasible impact regions taking into account aerodynamic
characteristics such as drag and lift forces. Additionally, the probability of impact was estimated for different
targets (cylindrical and spherical tanks of several sizes) located at multiple points from the source tank using
the Delaunay triangulation. Finally, in the step of fragment impact damage, Monte Carlo simulations were
implemented using a penetration model in order to estimate the probability of damage due to impact of one or
more fragments on target. The results of this work could be used in the inherently safe design (ISD) of plants
and industrial areas in order to minimize the effects of this kind of scenarios inside the plant, in surrounding
communities and in the environment.

1. INTRODUCTION
A domino effect involves a primary event that affects a corresponding primary installation, which
induces one or more secondary accidents that affect other installations, leading to a major accident.
There are mainly three causes of domino effect scenarios: heat radiation, overpressure and impact of
fragments. The first scenario is associated with primary events involved with fire and the last
scenarios are related with VCE, internal explosion and BLEVE (Boiling liquid expanding vapor
explosion). Based on the above, Cozzani et al [1] states four elements to characterize a domino effect:
(i) A primary accidental scenario, which triggers the domino effect; (ii) A propagation effect
following the primary event, due to the effect of escalation vectors caused by the primary event on
secondary targets; (iii) One or more than one secondary accidental scenarios, involving the same or
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different plant units, causing the propagation of the primary event; and (iv) An escalation of the
consequences of the primary event, due to the effect of the secondary scenarios.
The escalation scenarios are classified as low probability high consequences events, some of the
major accidents involving domino effect are reviewed in different researches [2], [3], highlighting
accidents such as: Feyzin, France 1966, where 11 storage tanks were destroyed, it caused 18 deaths
and injured 84 people (cost: 18 million USD); San Juanico, Mexico 1984, it caused 550 deaths, 7200
were injured, and almost 200000 were evacuated, after the leak of LPG that generated a fire and 13
BLEVEs (cost: 31 million USD); Visakhapatnam, India 1997, a fire and further explosions devastated
the terminals and storage tank at the refinery of HPCL causing more than 55 deaths and dozens were
injured (cost: 64 million USD); Buncefield, England 2005, a major fire caused by a series of
explosions at the Hertfordshire Oil Storage Terminal, it were 43 injured and more than 2000 were
evacuated (cost: 1.3 billion USD); and Tianjin, China 2015, a fire generated the explosion of a
container with dry nitrocellulose, 30 seconds after occurred a second explosion, this explosion was
far larger and involved the detonation of about 800 tons of ammonium nitrate, 8 additional explosion
were reported in the next 2 days, this incident caused 165 deaths and injured 797 people (cost: 1.1
billion USD).
This work is focused in a domino effect scenario by the projection of fragments, in which a vessel is
divided into many fragments due to an internal explosion. The fragments generated are projected to
different directions with high velocities; these fragments could impact other equipment or systems
causing their failure [4]. This kind of domino effect is the most interesting escalation scenario taking
into account that its affectation range can exceed 1 km; therefore, it corresponding escalation degree
is the highest. Also, in this kind of scenarios, the escalation vector is discrete, which for this case is
defined as the impact of the fragments generate in the primary event, while in the domino scenarios
associated with fires and overpressure, the escalation vectors are continuous, which can be defined in
units of heat flux density (i.e. W/m2) and pressure (i.e. Pa), respectively. [3]. There are analytical,
empirical and numerical approaches to address this domino effect scenario; nevertheless, analytical
methods are associated with simplified physical models which do not allow representing this
phenomenon in a complete real way. On the other hand, experimental approaches required expensive
investments for safety protocols, explosive materials and measuring equipment. Thus, numerical
approaches represent a good option to study domino events associated with projection of fragments,
because it is possible to model different scenarios considering mots variables related with it. Also, it
is possible to change easily the characteristics and conditions of the event in order to have a more
complete and detailed information of it. In addition, stochastic simulations, such as Monte-Carlo
simulations, could be used to estimate probabilistic data of this kind of scenario.
In general, available researches evaluate this event in three steps: fragmentation process, fragment´s
trajectories and damage due to the impact of one or more than one fragment. Most researches study
independently these steps: fragmentation [5]–[11], trajectory calculation [15]–[21] and impact
damage [19]–[23]. Only few works have develop a complete assessment of this kind of domino effect:
Nguyen et al [24] developed a domino effect analysis for cylindrical tanks. In this study, historical
data of BLEVEs were used to estimate the probability density functions of the number and mass of
fragments and their horizontal departure angles. The initial velocities of the fragments were calculated
from the kinetic energy deduced from the total energy of the explosion calculated with the models of
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Baker [25] and Baum [26]. In addition, they defined only two shapes for the fragment: the end caps,
and the ring. A three dimensional analysis of the movement of the fragments was developed using a
general kinematic model where the drag and lift coefficients were taken into account. The drag
coefficient was defined as a random value with uniform distribution for each of the shapes of the
fragments; while the lift coefficient was a calculated by a linear model in function of the inclination
angle in a range between 0º and 10º. With this information, the probability of domino effect was
calculated by multiplying the probability of generation, the probability of impact and the probability
of damage using Monte-Carlo simulations. The probability of generation was defined equal to 1
because it is assumed that an accident has occurred. On the other hand, the probability of impact was
estimated as the average of impacts of all simulations, where an impact occurs when the volume of
the fragment intersect the target’s volume. Finally, the probability of damage was calculated with a
limited stated function derived from the penetration model proposed by Mébarki et al [20]. The
methodology of assessment was used for a sensitive analysis in five case studies. Another complete
assessment of this domino effect scenario was developed by Sun et al [27]. In that work, the general
methodology of assessment used by Nguyen et al [24] is replicated; however, in this case the analysis
was developed both cylindrical and spherical tanks. Additionally, the probability density functions of
the number of fragments generated in events such as BLEVE, mechanical explosions, confined
explosions and runaway reactions were calculated using the maximum entropy principle. Also, the
equation for calculating the probability of impact was modified and the target’s volume was
parametrized with rectangular coordinates. Finally, a sensitive analysis was performed considering
the following variables: fragment rotation and the number of Monte-Carlo simulations; finding
significant changes in the value of the probability of domino effect when the rotation and wind are
taken into account. Another characteristic of assessment of the domino effect due to projection of
fragments was study by Sun et al [28], where the source vessels (spherical and cylindrical) was
modeled as two volumes (upper half and lower half) and the solutions of the movement equations
were modified considering that approach, in this case the lift force was not taken into account in the
kinematic model. A sensitive analysis was performed for source vessels with different sizes finding
fragments from the lower part would impact target vessels close to the source, and the source size
should not be neglected in the assessment of the domino effect risk. In the latest researches in this
field, Sun et al [29] developed an assessment of a higher order domino effect scenario. This kind of
events occurs when due to impact of one or more than one fragment generated after the explosions of
the source tank generates a catastrophic failure of a target, and that failure could trigger a fire or even
another explosion which could affect other installation, tank or facility causing its failure which might
continue the chain of accidents increasing the consequences of the general event.
Given this, the methodology for the assessment of domino due to projection of fragments proposed
in this work uses the general analysis described by Nguyen et al [24]; however, in this case the
information of the fragments generated after the explosion was obtained by numerical simulations
instead of historical data of past accidents. Also, the representation of the source vessel with spherical
geometry proposed by Sun et al [28] was used. Additionally, the aerodynamic forces were calculated
by models for irregular fragments. On the other hand, the probability of impact was estimated using
the Delaunay triangulation. Likewise, the probability of damage was defined in function of the
operating pressure of the target and their mechanical properties. The data get from this assessment
could be taken into account into risk management strategies in order to use the probabilistic
information as a tool for the decision making process in the design and modification of storage areas.
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2. METHODOLOGY
Domino scenarios caused due to projection and impact of fragments is usually studied in three steps
(i) Fragmentation process, (ii) Trajectory calculation and (iii) Impact damage. These steps represent
the event chain necessary for that a domino event takes place. This methodology of study of domino
scenarios allows an individual assessments of each of the steps. Nevertheless, in this work a complete
assessment is performed starting with the information from fragmentation process, which is used as
input data for trajectory calculation; likewise, the results from the second step are considered for the
impact damage step.
The frequency of occurrence of a domino effect event (𝑓𝐷𝐸 ) due to projection of fragments generated
by an internal explosion of a tank or vessel may be expressed as [3]:
𝑓𝐷𝐸 = 𝑓𝑝 ∙ 𝑃𝐷𝐸

(1)

Where 𝑓𝑝 is the expected frequency of the primary event, in other words, it is the frequency that an
internal explosion of a tank or vessel happens. On the other hand, 𝑃𝐷𝐸 represent the probability of
subsequent events chain established as: (i) Generation of fragments, (ii) Projection and impact of one
or more than one of the fragments with a specific target, and (iii) Irreversible damage on target [3].
Each of the fragments generated after the tank explosion can potentially trigger a domino event with
the following expected frequency:
𝑓𝐷𝐸,𝐹 = 𝑓𝑝 ∙ 𝑃𝐷𝐸,𝐹

(2)

Where 𝑃𝐷𝐸,𝐹 is the probability of subsequent events chain for each fragment. This probability is
defined as:
𝑃𝐷𝐸,𝐹 = 𝑃𝑔𝑒𝑛,𝐹 ∙ 𝑃𝑖𝑚𝑝,𝐹 ∙ 𝑃𝑑𝑎𝑚,𝐹

(3)

Where 𝑃𝑔𝑒𝑛,𝐹 is the probability of F-th fragment to be generated, 𝑃𝑖𝑚𝑝,𝐹 is its probability of impact
on a given target and 𝑃𝑑𝑎𝑚,𝐹 is the probability that an irreversible damage occurs in the target due to
the previous impact of the F-th fragment. Finally, total expected frequency of this kind of domino
events can be calculated as sum of the domino probabilities for single fragments as follows:
𝑓𝐷𝐸 = ∑ 𝑓𝐷𝐸,𝐹 = 𝑓𝑝 ∙ ∑ 𝑃𝐷𝐸,𝐹 = 𝑓𝑝 ∙ ∑( 𝑃𝑔𝑒𝑛,𝐹 ∙ 𝑃𝑖𝑚𝑝,𝐹 ∙ 𝑃𝑑𝑎𝑚,𝐹 )
𝐹

𝐹

(4)

𝐹

Based on the above, a complete methodology for the assessment of domino event triggered by the
projection of fragments is proposed (Figure 1). This methodology is divided into three steps: the preassessment, the assessment and the post-assessment. The first step is related with characteristics of
the source vessel in terms of geometry and mechanical properties. In the second step, an assessment
for the three phases in a domino event triggered by projection of fragments (fragmentation process,
trajectory calculation and impact damage) is developed. Finally, in the third step, the previous
probabilistic assessment is taken into account for the risk management based on an inherently safer
design (ISD) and an economic assessment in order to use the probabilistic information as a tool for a
decision making process. In the following sections the complete proposed methodology is described.
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Figure 1. Scheme of the proposed methodology
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2.1. Source vessel
In order to determine the probability density functions of the characteristics of the fragments (number,
mass, velocity and size) the numerical simulations of the internal explosions of 100 spherical tanks
were performed. The diameter of these tanks were defined between 1m and 20m, while thickness
were established in a range from 10mm to 90mm taking into account the design rules defined by
ASME code [30]. Austenitic stainless steel 304 (SS304) was defined as material for all tanks, Nara
and Miyazaki [31] presented the statistical data for the mechanical properties of this material (Table
1). That information was used in normal distributions with the purpose of generate random values for
the material properties of each of the 100 tanks. The complete list with the information of these tanks
is presented in Appendix section.
Table 1. Statistical data of material properties of SS304
Property
Unit Mean (𝝁) Standard deviation (𝝈)
MPa
284.7
22.94
Yield stress (𝑆𝑌 )
MPa
641.58
40.713
Ultimate strength (𝑆𝑈 )
Plastic strain at fracture (𝛿)
0.597
0.064

2.2. Fragmentation process
Fragments originate when a tank or vessel is divided in many parts that are detached from it.
Fragmentation process involves the formation and propagation of cracks through the material of the
tank [3]. In this work, the fragmentation of spherical metallic vessels due to internal explosions was
studied using numerical simulations based in hydrocode methods.
2.2.1.

Burst pressure

When the internal pressure of a vessel increase caused by the loss of control of a chemical reaction,
unwanted combustion of gases, vapors, dust or anything else, the required pressure to fragment the
spherical vessel is known as burst pressure. Svennson [32] developed a model (Equation 5) to
calculate the burst pressure of spherical vessels (𝑃𝑆 ) based in their mechanical properties and
geometrical characteristics:
𝑃𝑆 = 𝑆𝑌 ∙ 𝜓 ∙ 𝐵

(5)

Where 𝜓 is a geometric factor and 𝐵 is a burst factor that depends upon the strength ratio, 𝛽, defined
as follows:
𝛽=

𝑆𝑌
𝑆𝑈

(6)
𝑅

When the spherical tank can be classed as thin walled ( 𝑇𝑖 ≥ 10), Svensson’s theory leads to the
following equation:
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𝑃𝑆 =

𝑆𝑌
∙𝐵
𝑚

(7)

Where 𝑚 is defined as the inner radius/thickness ratio:
𝑚=

𝑅𝑖
𝑇

(8)

A relation between the strength ratio (𝛽) and the burst factor 𝐵 is presented by Huston and Josephs
[33], this relation is defined as:
𝐵 = 4.18𝛽 2 − 9.57𝛽 + 7.38

(9)

Although there are other models to calculate the burst pressure of spherical vessel, Svensson’s
equation is one of the formulas that present the lowest error range (-9.6%, 10.1%) in the estimation
of burst pressure as Yihui et al [34] report on their work.
2.2.2.

Energy of the explosion

The burst pressure is used to calculate the energy related with the explosion, for this, the explosion is
modeled as the expansion of an ideal gas. There are several equations that allow to model this
phenomenon such as Brode’s equation [35] and Baker’s equation [36]; however, these produce a large
overestimation of the energy. For that reason, in this work Baum’s model [26] was used, because this
equation incorporates the work of air pushed away by expanding gas, this equation is expressed as
follows:
𝛾−1
𝛾

𝑃0
𝐸 = [1 − ( )
𝑃𝑆

+ (𝛾 − 1) ∙

𝑃0
𝑃𝑆
∙𝑓∙𝑉
]∙
𝑃𝑆 𝛾 − 1

(10)

Where 𝑃0 is the atmospheric pressure, 𝛾 is the ratio of specific heats, 𝑓 is the degree of filling of the
vessel and 𝑉 is its volume. In this case, the worst case was evaluated which corresponds to 𝑓 = 1.
In order to achieve modeling the internal explosion of the vessel, the energy calculate with Baum’s
equation is converted to an equivalent mass of TNT using the following expression:
𝑚 𝑇𝑁𝑇 =

𝐸
𝐸𝑇𝑁𝑇

(11)

A typical value for the energy of explosion of TNT (𝐸𝑇𝑁𝑇 ) is 4686 kJ/kg [37].
2.2.3.

Numerical simulation

The numerical simulations of the internal explosions of the spherical vessels were developed using
the software ANSYS AUTODYN. This is a versatile explicit analysis tool for modeling the nonlinear
dynamics of solids, fluids, gases and their interactions [38]. The numerical methodology used in this
software is known as hydrocode. This methodology uses equations of state, mass, momentum and
energy balances, and constitutive relations to represent dynamic behavior of materials [39].
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Consideration

The numerical simulation proposed in this work is only focused in the fragmentation process due to
formation and propagation of cracks through the material of the tank. In this case, the mechanical and
welded joints, valves, pipes, internal corrosion, dust and other characteristics of a typical tank were
not taken into account. The above, also has as objective to allow the creation of a simple model for
the simulation of tank explosions, which can be replicated many times and has the possibility of
change the characteristics, conditions and parameters of the model easily.


Discretization methods

AUTODYN has mainly three discretization methods: Eulerian mesh, Lagrangian mesh and Smoothed
Particles Hydrodynamics. For this work, a coupling between the last two methods was used. In
Lagrange method the continuous material is divided into little volumes known as finite elements
(Figure 2). In a 3D model, each finite element has 8 nodes, these are connected with nodes of other
elements. For each node, the hydrocode equations system is solved considering the information of
neighboring nodes [40].

Figure 2. Lagrangian mesh representation
On the other hand, Smoothed Particles Hydrodynamics (SPH) is a mesh free technique in which the
material is divided into a lot of particles (Figure 3). Hydrocode solution is calculated simultaneously
for all particles, for that reason this method generates a high computational cost. However, with SPH
method is possible to represent large distortion of materials; thereby, it can model blast, high
explosions and gas expansions [41].

Figure 3. Smoothed Particles Hydrodynamics (SPH) representation


Simulation model

Each of the 100 spherical vessels of SS304 are modeled in a 3D environment, and a Lagrangian mesh
with 60000 elements was used as discretization method. On the other hand, as mentioned above, the
explosive load is modeled with TNT, the amount of explosive was calculated using Baum’s model
(Equation 10) and TNT equivalent (Equation 11). Because the energy model depends of the material
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properties and geometric characteristics of the vessel, an equivalent quantity of TNT was calculated
for each of the 100 tanks. The TNT equivalent was represented as a sphere with a volume defined as:
𝑉𝑇𝑁𝑇 =

𝑚 𝑇𝑁𝑇
𝜌𝑇𝑁𝑇

(12)

The explosive load was modeled with SPH method, for all simulations 80000 particles were used to
discretize the volume of TNT. Additionally, the detonation point was located at the coordinates (0,0,0)
and detonation time was defined at 0ms. The previous description is illustrated in Figure 4.

Figure 4. Simulation model



Constitutive models

Constitutive models are equations which describe the material behavior in elastic, plastic and shock
regimes, there are a lot of constitutive models for different materials and regimes. Specifically, for
this work Steinberg-Guinan model and Jones-Wilkins-Lee model were used to represent behavior of
SS304 and TNT, respectively.
Steinberg-Guinan model assumes that while yield stress initially increases with strain rate,
experimental data on shock-induced free surface velocity versus time records indicate that at high
strain rates (greater than 105s-1) strain rate effects become insignificant compared to other effects and
that the yield stress reaches a maximum value which is subsequently strain rate independent [42].
This model defines shear modulus (𝐺) and yield stress (𝑌) as functions of effective plastic strain(𝜀),
pressure (𝑝) and internal energy(𝑒). The constitutive equations are presented below:
𝐺 = 𝐺0 ∙ [1 + (

𝐺𝑝′
𝑝
𝐺𝑡′
) ∙ 1 + ( ) ∙ (𝑇𝐾 − 300)]
𝐺0
𝐺0
𝜂3
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(13)

𝑌𝑝′
𝑝
𝐺𝑡′
𝑌 = 𝑌0 ∙ [1 + ( ) ∙ 1 + ( ) ∙ (𝑇𝐾 − 300)] ∙ (1 + 𝛼 ∙ 𝜀)𝑛
𝑌0
𝐺0
𝜂3

(14)

Where the following condition must be met:
𝑌𝑚𝑎𝑥 ≥ 𝑌0 ∙ (1 + 𝛼 ∙ 𝜀)𝑛

(15)

In addition, due to the explosion phenomenon, the Shock model is defined as the equation of state
(EOS) of the SS304, this model adopts the Mie-Gruneisen EOS based on the shock Hugoniot relation
of an impact event. The EOS is defined by a relation between the element velocity (𝑣𝑝 ) and the shock
velocity (𝑈) as follows [8]:
𝑈 = 𝐶0 + 𝑠 ∙ 𝑣𝑝

(16)

The above equation can be present in a shock regime as:
𝑝 = 𝑝𝐻 + Γ ∙ 𝜌(𝑒 − 𝑒𝐻 )

(17)

Where it is assumed that Γ ∙ 𝜌 = Γ0 ∙ 𝜌0 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, Γ0 is the Gruneisen coefficient, 𝜌 is the current
density, 𝜌0 is initial density, and 𝑝𝐻 and 𝑒𝐻 are the pressure and internal energy at a reference state,
respectively. The parameters of the SS304 for the Steinberg-Guinan model are presented in Table 2,
while the Shock Equation of State constants are shown in Table 3.
Table 2. Steinberg-Guinan parameters of SS304 [43]
𝐆𝟎 [𝒌𝑷𝒂] 𝒀𝒎𝒂𝒙 [𝒌𝑷𝒂]
7.7E+7
2.5E+6

𝜶
43

𝒏
0.35

𝑮′𝒑
1.74

𝑮′𝑻 [𝒌𝑷𝒂/𝑲]
-3.504E+4

𝒀′𝒑
0.007684

Table 3. Shock Equation of State constants of SS304 [44]
𝚪𝟎
1.93

𝑪𝟎 [𝒎/𝒔]
4570

𝒔
1.49

On the other hand, in the case of the explosive load, Jones-Wilkins-Lee is an empirical model that
describes the adiabatic expansion of the detonation products with the following equation [42]:
𝑝𝑇 = 𝐶1 (1 −

𝜔
𝜔
𝜔𝑒
) 𝑒 −𝑟1 𝑣 + 𝐶2 (1 −
) 𝑒 −𝑟2 𝑣 +
𝑟1 𝑣
𝑟2 𝑣
𝑣

(18)

Where 𝐶1 , 𝐶2 , 𝑟1 , 𝑟2 and 𝜔 are material constants. 𝑝𝑇 , 𝑣 and 𝑒 are the pressure, relative volumen and
specific internal energy, respectively. The Jones-Wilkins-Lee parameters for TNT are shown in Table
4.
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Table 4. Jones-Wilkins-Less parameters for TNT [8]
𝑪𝟏 [𝑷𝒂] 𝑪𝟐 [𝑷𝒂] 𝒓𝟏
𝒓𝟐
𝝎
3.74E+11 3.75E+9 4.15 0.9 0.35


Stochastic fragmentation model

Real materials have inherent microscopic flaws and it is at these flaws that the failure and cracking
initiate. Therefore, in numerical simulations is necessary to impose some material heterogeneity, for
this, Mott’s fragmentation theory [45] was used. This theory assumed a distribution of fracture strains,
expressed as the probability (𝑝) that an unfractured specimen of unit length fractures when the strain
increases from 𝜀 to 𝜀 + 𝑑𝜀.
𝑑𝑝 = 𝐶𝑒 𝛾̂𝜀 𝑑𝜀

(19)

Where 𝐶 and 𝛾̂ are material constants. Thus, the probability that a specimen will fracture when the
strain is increased from 𝜀 to 𝜀 + 𝑑𝜀 is:
𝐶
𝑝 = 1 − 𝑒𝑥𝑝 (− 𝑒 𝛾̂𝜀 )
𝛾̂

(20)

The first material constant, 𝛾̂, is known as stochastic failure parameter and its value can be
approximated by the following expression:
𝛾̂ ≈ 160

𝑃2
𝜎𝐹 (1 + 𝜀𝐹 )

(21)

Where 𝜎𝐹 and 𝜀𝐹 are the true stress and strain at fracture, and 𝑃2 is the proportionality coefficient in
the strain-hardening law for at high strains defined as:
𝜎 = 𝑃1 + 𝑃2 𝑙𝑜𝑔(1 + 𝜀)

(22)

In the case of the parameter 𝐶, Ugrči [46] identified that the fracture strain for 𝜀 = 1 is forced to be
at probability of 50%; therefore, it is only necessary to specify 𝛾̂ and the constant C is automatically
derived from this. The mechanical properties of the SS304 such as 𝜎𝐹 , 𝜀𝐹 and 𝑃2 were obtained of
the stress-strain curves reported by Rasmussen [47]. With those properties, the stochastic failure
parameter (𝛾̂) was calculated using Equation 21 obtaining a value of 65. In addition, the failure
criterion was independently defined for each tank as the plastic strain at fracture (δ) presented in
Appendix section.


Erosion

The erosion criterion, which is not a representation of the physical process, automatically removes
the distorted elements when the incremental geometric strain of these elements exceeds a predefined
setting [39]. This criterion is used with Lagrangian mesh for avoiding convergence problems. For this
work its value was defined as 1; thus, any element that is deformed more than 100% is removed or
deleted.
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2.2.4.

Fragment data

After develop the numerical simulations of the internal explosions of spherical vessels the fragment
data such as number, mass and velocity are available. This information is classed into two data sets:
single and multiple. The single dataset is comprised by the number of fragments generated in the
explosion of each tank. Because the amount of fragments of each explosion is a single value there is
a value for each tank, this means that the single dataset has 100 values. On the other hand, the multiple
dataset is comprised by the mass and velocity data of each fragment of each simulation; because of
this, the size of the multiple dataset is two times the number of fragments generated by the explosion
of each tank.
The information of the fragments obtained with the numerical simulations is used to determine their
probability density functions, for this, the Information Criterion (IC) was used. This criterion is
defined as follows [48]: For the data 𝑎 = {𝑎1 , 𝑎2 , … , 𝑎𝑛 } exist the true distribution 𝑔{𝑎}. In order to
capture the structure of given phenomena, the model 𝑓(𝑎|𝜙 ⊂ 𝑅 𝑝 ) is assumed, where 𝜙 is a vector
of 𝑝 parameters, and this model is estimated by using the maximum likelihood method. In other
words, an estimated model 𝑓(𝑎|𝜙̂) is defined by replacing the unknown parameter 𝜙 contained in
the probability distribution by the maximum likelihood estimator 𝜙̂. In this case the objective is to
evaluate the goodness or badness of the statistical model 𝑓(𝑎|𝜙̂). This evaluation is developed by
calculating the Akaike Information Criterion (AIC), which is expressed as:
𝐴𝐼𝐶 = −2(𝑚𝑎𝑥𝑖𝑚𝑢𝑚{𝑙𝑜𝑔 − 𝑙𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑}) + 2(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠)

(23)

The number of free parameters in a model refers to the dimensions of the 𝜙 contained in the specific
model 𝑓(𝑎|𝜙). With this in mind, the selection of the best probability density function for the data
sets is based on finding the model with the minimum AIC value. In this study, 17 continuous
probability density functions were taking into account to the Information Criterion evaluation, in the
Appendix section the probability density functions with their number of free parameters are shown.
For the single dataset the AIC can be directly applied; however, for the multiple dataset there are
groups of data for each tank which depend of the number of fragments, for that reason, it is necessary
to find the best model that represents whole distributions of the fragments data. In this case, the AIC
is calculated for all distributions and these are arranged from the best to the worst. A weight of 1 is
defined to the best distribution, and this weight is progressively decreasing for the other distributions
until reach the worst distribution, whose weight is equal to zero. This process is repeated until all
tanks have been evaluated. Finally, the best distribution will be the one that had the highest average
of its weights. This methodology must be independently performed for the mass and velocity data.

2.3. Trajectory calculation
From the numerical simulations of the explosions of the 100 spherical vessels the fragment data for
number, mass and velocity were obtained, for each of these data the probability density distributions
were calculated. This distributions were used as input data for the second step in the domino effect
assessment, trajectory calculation. The trajectory of each fragment is calculated used a kinematic
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model which takes into account aerodynamic characteristics related with drag and lift forces, this
model is described below.
2.3.1.1. Kinematic model
After the vessel explosion, fragments are projected in different directions, their paths depend of 4
⃗⃗⃗ ) which is related with gravitational
forces acting on these (Figure 5). The first one, is the weight (𝑊
acceleration. The second one, is the inertia force (𝐼 ) due to the fragment acceleration related with its
⃗)
velocity. The last one, is the aerodynamic force which involves 2 components: the drag force (𝐷
resulting from friction between the projectile and the air, and the lift force (𝐿⃗) caused by the pressure
difference between the projectile intrados and the extrados [14], [49].

Figure 5. Forces applied on the fragment during its flight
The balance of the forces acting on the projectile is expressed as:
⃗⃗⃗ + 𝐼 + 𝐷
⃗ + 𝐿⃗ = 0
𝑊

(24)

Where each of these forces are defined as follows:
⃗⃗⃗ = 𝑔 ∙ 𝑚𝑓
𝑊

(25)

𝑑𝑣
⃗⃗⃗⃗𝑓
∙ 𝑚𝑓
𝑑𝑡

(26)

𝐼=

1
2
⃗ = 𝜌𝑎𝑖𝑟 ∙ ⃗⃗⃗⃗
𝐷
𝑣𝑓 ∙ 𝐶𝐷 ∙ 𝐴𝐷
2

(27)

1
2
𝐿⃗ = 𝜌𝑎𝑖𝑟 ∙ ⃗⃗⃗⃗
𝑣𝑓 ∙ 𝐶𝐿 ∙ 𝐴𝐿
2

(28)
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Figure 6. Description fragment trajectory [27]
From the above equations is possible to define the general movement equation of a fragment in a
three-dimensional system (Figure 6).
(−𝑘𝐷 ∙ cos(φ) ∙ cos(𝜃) − (−1)𝑞 ∙ 𝑘𝐿 ∙ sin(𝜑) ∙ cos(𝜃)) ∙ (𝑥̇ 2 + 𝑦̇ 2 + 𝑧̇ 2 ) − 𝑥̈ = 0

(29)

(−𝑘𝐷 ∙ cos(φ) ∙ sin(𝜃) − (−1)𝑞 ∙ 𝑘𝐿 ∙ sin(𝜑) ∙ sin(𝜃)) ∙ (𝑥̇ 2 + 𝑦̇ 2 + 𝑧̇ 2 ) − 𝑦̈ = 0

(30)

(−(−1)𝑞 𝑘𝐷 ∙ sin(φ) + 𝑘𝐿 ∙ cos(𝜑)) ∙ (𝑥̇ 2 + 𝑦̇ 2 + 𝑧̇ 2 ) − 𝑥̈ −= 0

(31)

Where 𝑞 = 1 at the descending part and 𝑞 = 2 at the ascending part. 𝑘𝐷 and 𝑘𝐿 (Equations 32 and 33)
are terms related with the drag and lift force, respectively.
𝑘𝐷 =

1 𝜌𝑎𝑖𝑟 ∙ 𝐶𝐷 ∙ 𝐴𝐷
2
𝑚𝑓

(32)

𝑘𝐿 =

1 𝜌𝑎𝑖𝑟 ∙ 𝐶𝐿 ∙ 𝐴𝐿
2
𝑚𝑓

(33)

When the drag and lift coefficients do not change their values with the time, Equations 29, 30 and
31 lead to the following expressions:
(𝑘𝐷 + (−1)𝑞 ∙ 𝑘𝐿 ) ∙ 𝑥̇ 2 + 𝑥̈ = 0

(34)

(𝑘𝐷 + (−1)𝑞 ∙ 𝑘𝐿 ) ∙ 𝑦̇ 2 + 𝑦̈ = 0

(35)

((−1)𝑞 ∙ 𝑘𝐷 − 𝑘𝐿 ) ∙ 𝑧̇ 2 + 𝑧̈ + 𝑔 = 0

(36)

The complete solution for above equations are developed by Mébarki et al [14], the solution was
derived under the assumption that the departure point of the all fragments is located in the coordinates
(0,0,0), this hypothesis can be valid for small vessels; however, when the vessels have large diameters,
just as in this work, it is necessary to define the coordinates of departure (𝑥0 , 𝑦0 , 𝑧0 ) independently
for each fragment. The solution of the movement equations (Equations 34, 35 and 36) presented by
Mébarki et al [14] was modified taking into account the initial location of each fragment immediately
after the explosion. Another hypothesis that Mébarki et al [14] used to derive the solution of kinematic
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equations is that all fragments have ascending part; however, Sun et al [28] calculated the fragment
trajectory dividing the spherical vessel in two volumes, where the fragments of the upper half volume
(0° < 𝜑 ≤ 90°) have both ascending and descending part, while in the lower half volume
(−90° ≤ 𝜑 ≤ 0°) only have descending part in their movement. With this considerations, they found
that exist differences in the distribution of impact distances when the ascending part is calculated for
all fragments and when the ascending movement is considered only for the fragments in the upper
volume. For that reason, the ascending part of the solution of the kinematic equations was taken into
account only for fragments with 𝜑 > 0° (Figure 7). Because Sun et al [28] ignored the lift force, their
solution for movement equations was not used in this work.

Figure 7. Schematic of the fragment’s projection
2.3.2.

Drag force

The drag term in kinematic equations is related with the air resistance. To determine the value of drag
force is necessary to define the drag coefficient (𝐶𝐷 ) and the drag surface (𝐴𝐷 ). These parameters
are calculated using the methodology presented by McCleskey [50] where the drag surface is defined
by making an equivalence of the fragment volume with the volume of a parallelepiped using the
following equations:
𝐴𝑎𝑣𝑔 = 0.5(𝐿 ∙ 𝑊 + 𝐿 ∙ 𝑇 + 𝑊 ∙ 𝑇)
𝐴𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 =

1
4
1
((𝐿 ∙ 𝑇)2 + (𝑊 ∙ 𝑇)2 + (𝐿 ∙ 𝑊)2 ) + ( − ) (𝐿 ∙ 𝑊 ∙ 𝑇 2 + 𝑇 ∙ 𝑊 ∙ 𝐿2 + 𝑇 ∙ 𝐿 ∙ 𝑊 2 )
12
3𝜋 2

(37)
(38)

Where 𝐿 and 𝑊 are the length and width of the fragment, respectively. In this case, 𝐿 and 𝑊 are equal
to the length obtained in the fragment data from AUTODYN. In the same way, 𝑇 is the fragment’s
thickness which for this case is defined equal to the tank’s thickness. The drag surface is defined as:
𝐴𝐷 → 𝑁𝑜𝑟𝑚𝑎𝑙(𝜇 = 𝐴𝐴𝑣𝑔 , 𝜎 = √𝐴𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 )

15

(39)

On the other hand, the drag coefficient for the fragments generated was defined experimentally by
McCleskey [50] analyzing the aerodynamic characteristics of 96 fragments with irregular geometries.
A range for drag coefficient was obtained in function of the geometrical characteristics of the
fragment; the upper and lower limits of that range were defined as the maximum and minimum values
of an uniform distribution for drag coefficient as follows:
𝐶𝐷 → 𝑈𝑛𝑖𝑓𝑜𝑟𝑚(𝑎 = 0.66𝐴𝑅 − 0.26, 𝑏 = 1.75𝐴𝑅 − 1.2)

(40)

Where 𝐴𝑅 is defined as:
𝐴𝑅 =
2.3.3.

√(𝐿 ∙ 𝑊)2 + (𝑇 ∙ 𝐿)2 + (𝑇 ∙ 𝑊)2
0.5(𝐿 ∙ 𝑊 + 𝐿 ∙ 𝑇 + 𝑊 ∙ 𝑇)

(41)

Lift force

Lift is the force that opposes the weight of a fragment, this force is produced by the motion of the
projectile through the air and physically is defined from Newton’s third law. According to this, the
air must exert an equal and opposite (upward) force on the fragment during its flight, that force is
known as lift [51], [52]. As well as the drag force, for the lift force is necessary to define the lift
coefficient (𝐶𝐿 ) and the lift surface (𝐴𝐿 ). In this study was assumed that the drag and lift surfaces are
the same calculated by Equation 39. Furthermore, the lift coefficient was defined on the lift produced
by a low aspect ratio flat plate as is described by Hoerner and Borst [53], who suggested that the lift
coefficient for fragments with low aspect ratio only depend of the angle of attack; this is the angle
between the oncoming air and a reference line on the fragment. For this study, the angle of attack is
assumed equal to the vertical departure angle (𝜑) and the lift coefficient is calculated with the
following expressions:
1.31 𝑡𝑎𝑛(𝜑) , 0° ≤ 𝜑 ≤ 35°
𝐶𝐿 = {1.17 𝑐𝑜𝑠(𝜑) , 35° < 𝜑 ≤ 90°
0 , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(42)

In the previous equation is noticed that for 𝜑 < 0° lift is not produced, this is because for negative
angles of attack the lift is only significant for bodies with special airfoils such as aircraft wings, in
other cases the lift can be neglected. On that basis, the lift force was ignored for fragments from the
lower half volume on the spherical vessel.

2.4. Impact damage
Impact damage is the final step of the domino effect assessment, this part studies the response and
behavior of the target due to the impact of one or more than one fragment. The impact of a fragment
on equipment can damage the target either by penetration or by plastic collapse. A penetrating
fragment may pierce a hole through the shell of the target and initiate a continuous or semi-continuous
release. A non-penetrating fragment may cause significant deformation of the target, possibly leading
to the catastrophic failure of the target and the instantaneous release of its entire content. During target
penetration, the fracture is caused by both superficially applied loads and stress waves through the
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impact material [3]. For this work, spherical, vertical cylindrical and horizontal cylindrical tanks were
defined as targets. The failure of a tank occurs by an irreversible damage on it, this kind of damage
might occurs in two scenarios of impact. The first one takes place when the projectile may penetrate
completely the wall of the target. The second scenario occurs when the fragment penetrate partially
the wall of the target, but the residual thickness is equal or less than to its critical thickness (𝑒𝑐𝑟 ),
which is defined for each target tank according to its material properties and dimensions. Therefore,
the target will not fail if the impact of a fragment does not perforate the wall of the tank or its residual
thickness is higher than the critical thickness.
2.4.1.

Penetration model

The assessment of the state of the target tank after the impact was defined from the penetration model
proposed by Mébarki et al [20], who related the penetration depth (ℎ𝑝 ) of the impact of a rod
projectile on a metal target, with the mass (𝑚𝑓 ), the velocity of impact (𝑣𝑝 ), the diameter (𝑑𝑝 ) and
the impact angle (𝛼) of the projectile and the mechanical properties of the target as follows:
-

Penetration depth for the case 𝛼 ≠ 0:
2

3
4
𝐸
(−𝑑𝑝 ∙ cos(𝛼) + √(𝑑𝑝 ∙ cos(𝛼)) + 𝜋 ∙ tan(𝛼) ∙ (𝑓 ∙𝑐𝜀 ) )
𝑢
𝑢
2

ℎ𝑝 =
-

(43)

2 ∙ tan(𝛼)

Penetration depth for the case 𝛼 = 0:
2

𝐸𝑐 3
1
ℎ𝑝 = (
) ∙
𝑓𝑢 ∙ 𝜀𝑢
𝜋 ∙ 𝑑𝑝

(44)

Where the kinetic energy is defined as 𝐸𝑐 = (𝑚𝑓 ∙ 𝑣𝑝2 )/2 , 𝑓𝑢 and 𝜀𝑢 are the ultimate strength and
ultimate strain of the target´s constitutive material, respectively. In the Figure 8 the penetration
scheme of a rod projectile is shown, where 𝑒𝑡 is the target’s thickness and 𝑙𝑝 is the length of the
fragment.

Figure 8. Fragment penetration scheme [24]
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Due to the fragments generate in the explosion of the source tank have irregular geometries equivalent
rod projectiles were used instead of the real fragments, keeping constant their length and mass. With
this in mind, it was necessary to calculate the diameter (𝑑𝑝 ) of the equivalent projectiles in function
of the length of the fragment (𝑙𝑝 ) and its area (𝐴𝐷 ) defined by Equation 39. The equivalent diameter
was calculated using the following expression:
2

(√(𝜋 ∙ 𝑙𝑝 ) + 2 ∙ 𝜋 ∙ 𝐴𝐷 − 𝜋 ∙ 𝑙𝑝 )
𝑑𝑝 =

(45)

𝜋

Critical thickness (𝑒𝑐𝑟 ) was calculated as the minimum thickness according the code API 620 for
atmospheric tanks and ASME boiler and pressure vessel code for pressurized tanks, as addressed
below:


Atmospheric tanks (internal pressure ≤ 15 psig) [54]:
Table 5. Minimum thickness for atmospheric tanks by API 620
Tank diameter [m] Minimum thickness [mm]
< 15
5
15 to < 36
6
36 to 60
8
>60
10



Pressurized tanks (internal pressure > 15 psig) [30]:


Cylindrical vessels
𝑃∙𝑅
𝑆𝑡 ∙ 𝐽𝐸 + 0.4 ∙ 𝑃

(46)

𝑃∙𝑅
2 ∙ 𝑆𝑡 ∙ 𝐽𝐸 − 0.2 ∙ 𝑃

(47)

𝑒𝑐𝑟 =


Spherical vessels
𝑒𝑐𝑟 =

Based in Figure 8, the target resistance against critical damage after impact corresponds to the
following limit sate function:
𝐸 = (𝑒𝑡 − 𝑒𝑐𝑟 ) − ℎ𝑝
In this way, a failure of a target tank takes place when 𝐸 ≤ 0.
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(48)

2.5. Monte-Carlo Simulations
Monte-Carlo simulations were developed in order to calculate the probability of a domino scenario
takes place. For this work, 5000 simulations were performed, this means that 5000 explosions of the
source tank were carried out and the trajectory and impact of all fragments of each simulation was
assessed. The methodology for calculating the probability of generation, impact and damage is shown
below.
2.5.1.

Probability of generation

The probability of generation is defined as the probability at least one fragment is generated after the
source tank explosion. In this case, in each of the 100 numerical simulations developed on
AUTODYN, more than one fragment was generated, because in each simulation the failure and
fragmentation process of the source tank takes place. On that basis, the probability of generation is
defined as 𝑃𝑔𝑒𝑛 = 1.
2.5.2.

Probability of impact

An impact occurs when the volume of one or more fragments intersect the volume of the target. This
is defined in a probabilistic way as:
𝑁

𝑃𝑖𝑚𝑝

𝑛𝑖

1
1
1 , 𝑖𝑓 (𝑉𝑖,𝑗 ∩ 𝑉𝑡𝑎𝑟𝑔𝑒𝑡 ) ≠ ∅
= ∙ ∑ ∙ ∑ 𝑘𝑖,𝑗 𝑎𝑛𝑑 𝑘𝑖,𝑗 = {
𝑁
𝑛𝑖
0,
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
𝑖=1

(49)

𝑗=1

Where 𝑁 is the number of simulations, 𝑛𝑖 is the quantity of fragments of the i-th simulation, 𝑉𝑡𝑎𝑟𝑔𝑒𝑡
is the volume of the tank and 𝑉𝑖,𝑗 is the volume of the j-th fragment of the i-th simulation. In this step
of the domino effect assessment the challenge is to determine when the volume of a fragment intersect
with the volume of the target tank, for this, Delaunay triangulation was used.


Delaunay triangulation
Delaunay triangulation for a set of P points allows to connect them with straight lines generating
n triangular regions. This regions have the characteristic of that a circle circumscribing any
triangle does not contain any other points in its interior, this condition is known as Delaunay
condition [55]. The above description is illustrated in the following figure:

Figure 9. Delaunay triangulation, a. Set of P points, b. Triangulation into n regions, c. Delaunay
condition [55]
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The Delaunay triangulation was applied for each type of geometry of the target tanks (spherical,
vertical cylindrical and horizontal cylindrical) which were parametrized into Cartesian coordinated,
achieving represent the geometry of each target tank with a set of points with X, Y and Z coordinates
(Figure 10). The objective of this process is used a property of the Delaunay triangulation which says
that the union of all simplexes in the triangulation is the convex hull of the points; in other words, the
Delaunay triangulation allows to create a convex surface.

Figure 10. Delaunay triangulation, a. Spherical geometry, b. Cylindrical geometry
A convex surface 𝑆 is defined as follows [56]: If 𝑥 and 𝑦 ∈ 𝑆, the line segment 𝑥𝑦
̅̅̅ joining 𝑥 and 𝑦 is
the set of all points of the form 𝛼𝑥 + 𝛽𝑦 where 𝛼 ≥ 0, 𝛽 ≥ 0 and 𝛼 + 𝛽 = 1, a surface 𝑆 is convex
if for each pair of points 𝑥 and 𝑦 in 𝑆 it is true that 𝑥𝑦
̅̅̅ ⊂ 𝑆.
The above definition can be used to determine when the volume of a fragment intersect with the
volume of a target, that is, when an impact occurs. For this, is important to clarify that the kinematic
model present in section 2.3.1 calculates the position of the center of mass of each fragment; however,
all fragments have different sizes defined by their characteristic lengths, which is the longest length
of the fragment. Because it is not possible to parametrized the complete geometry of the fragments
and their orientations at the moment of the impact is not known, the volume of each fragment was
represented with a sphere with diameter equal to the characteristic length of each fragment, with this,
all orientations that a fragment may have around its center of mass are taken into account. This
spherical representation of the fragments was parametrized with Cartesian coordinates as it was done
with the target tanks. On that basis, the impact between a fragment and a target will occur if any point
of the parametrized geometry of the fragment meets the definition of convex surface for the surface
𝑆 related with a given target. The above premise is shown in the following figure:

Figure 11. Impact representation
20

In the Figure 11-a does not occur an impact between the blue points, that represent the fragment
volume, and the target, because no points of the fragment are inside the convex surface defined by
the target’s triangulation. On the other hand, in Figure 11-b, an impact takes place due to at least one
of the points of the parametrized geometry of the fragment is inside the region delimited by the target
geometry, and for those points (red points) of the fragment the definition of the convex surface is
true.
2.5.3.

Probability of damage

The failure of a target occurs by an irreversible damage on it, as was already mentioned in the section
2.4. On that basis, probability of damage is calculated taking into account the limit sate function
presented in Equation 48 as follows:
(𝑛𝑖𝑚𝑝 )

𝑁

𝑃𝑑𝑎𝑚

𝑖

1
1
1 , 𝑖𝑓 𝐸𝑖,𝑗 ≤ 0
= ∙∑
∙ ∑ 𝑞𝑖,𝑗 𝑎𝑛𝑑 𝑞𝑖,𝑗 = {
𝑁
0,
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
(𝑛𝑖𝑚𝑝 )
𝑖

𝑖=1

(50)

𝑗=1

Where (𝑛𝑖𝑚𝑝 )𝑖 is the number of fragments that impacted the target in the i-th simulation. The value
of 𝐸𝑖,𝑗 depends of three terms: the thickness of the target’s wall (𝑒𝑡 ), the penetration depth (ℎ𝑝 ) and
the critical thickness of the target (𝑒𝑐𝑟 ).
For this work, 𝑒𝑡 is defined as a constant value for each target. While ℎ𝑝 is function of the mass (𝑚𝑓 ),
velocity (𝑣𝑝 ), equivalent diameter (𝑑𝑝 ) and the impact angle (𝛼) of the fragment. Where 𝑚𝑓 is
defined by the fragmentation process of the source tank, 𝑣𝑝 is calculated with the kinematic model
and 𝑑𝑝 is obtained from Equation 45. In the case of the impact angle, the orientation of the fragment
at the moment of impact is not known, for that reason, 𝛼 was defined as a random variable with
uniform distribution as follows:
𝛼 → 𝑈𝑛𝑖𝑓𝑜𝑟𝑚(𝑎 = −90°, 𝑏 = 90°)

(51)

ℎ𝑝 also is function of the material properties of the target, specifically the ultimate strength(𝑓𝑢 ) and
the ultimate strain (𝜀𝑢 ). In this work, two type materials were taken into account for the target tanks:
SS304 and SS316. Generally, the properties of a material do not have constant values due to changes
in its microstructure in manufacture process such as casting or forging; thus, stochastic values were
defined for the material properties of the target using the statistical parameters for a normal
distribution which are shown in Table 6.
Table 6. Statistical data of materials for target tanks [31]
Material
SS 304
SS 316

Statistical
parameter
𝜇
𝜎
𝜇
𝜎

Yield stress
(𝑺𝒕 ) [MPa]
284.7
22.94
288.2
28.86

Ultimate strength
(𝒇𝒖 ) [MPa]
641.58
40.713
586.37
30.08
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Ultimate strain
(𝜺𝒖 ) [-]
0.597
0.064
0.533
0.0423

Finally, 𝑒𝑐𝑟 depends of the type of tank (e.g. atmospheric, pressurized) defined as target. In the case
of atmospheric tanks, 𝑒𝑐𝑟 is function of the diameter of the tank and its value is obtained from Table
5. While for pressurized tanks, the critical thickness is calculated for cylindrical and spherical vessels
with Equations 46 and 47, respectively. In these equations, 𝑒𝑐𝑟 is calculated in function of the
operating pressure (𝑃), the tank’s radius (𝑅), the yield stress of the material of the target (𝑆𝑡 ) and the
joint efficiency (𝐽𝐸 ). 𝑃 and 𝑅 were defined as constant values for each tank, while 𝑆𝑡 was obtained
using a normal distribution with the statistical parameters shown in Table 6. Lastly, 𝐽𝐸 was established
as a random variable with uniform distribution (Equation 52) which limits were defined as the lower
and higher value of joint efficiency reported in Table UW-12 for joints type 1, 2 and 3 in ASME boiler
and pressure vessel code [30].
𝐽𝐸 → 𝑈𝑛𝑖𝑓𝑜𝑟𝑚(𝑎 = 0.65, 𝑏 = 1)

(52)

2.6. Case study
A storage area with 9 tanks was defined as case study, in Table 7 the information of each tanks is
shown and in Figure 12 the distribution of the storage area is illustrated.
Table 7. Information of the storage area

ID

Type

S
1
Sphere
2
3
4
Vertical
5
cylinder
6
7
Horizontal
8
cylinder
9
S: Source tank

Diameter Thickness Length/Height
[m]
[mm]
[m]
10
10
10
10
15
15
15
2.5
2.5
2.5

25
25
25
25
10
10
10
30
30
30

20
20
20
10
10
10
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Location
X
Y
[m] [m]
0
0
25
0
0
-25
25 -25
100 35
100
0
100 -35
-50
0
-60
0
-70
0

Operating
Pressure
[Pa]
1.5E+06
1.5E+06
1.5E+06
1.5E+06
Atmospheric
Atmospheric
Atmospheric
1E+06
1E+06
1E+06

Material
SS304
SS304
SS304
SS304
SS316
SS316
SS316
SS316
SS316
SS316

Figure 12. Storage area distribution
From the Equation 4, to calculate the frequency of the domino effect it is necessary to know the
frequency of the primary event, that is the internal explosion of the source vessel. The International
Association of Oil & Gas Producers (OGP) report the storage incidents frequencies from its risk
assessment data directory [57], in Table 8 the expected frequencies for explosions of storage tanks
are presented. For this case study, the frequency of BLEVE was used as the frequency for the primary
event in the domino effect scenario.
Table 8. Storage incidents frequencies
𝒇𝒑 [per year]
Incident
Internal explosion & full surface fire
9.00E-05
Atmospheric tank
Internal explosion without fire
2.50E-05
Pressurized vessel
BLEVE
1.00E-06
Storage
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3. RESULTS AND DISCUSSION
In the following sections the results of the domino effect assessment on the basis of the methodology
proposed above are shown. In the first part, the results of the AUTODYN simulations are presented
including the distribution data analysis of the fragments generated in each simulation (number, mass,
velocity and size). Likewise, an analysis of the projection and distribution of the fragments is
developed based on the kinematic model presented above. Then, an assessment of the case study is
developed and the probability of a domino effect is calculated. Finally, the post-assessment step is
described and some scenarios of risk management are proposed based on an inherently safer design
(ISD) and an economic assessment.
3.1. Fragmentation process
The explosion of the TNT load inside the spherical vessel has two stages. In the first one, the
detonation process is beginning to consume the explosive load causing the rapid increase of the
pressure until all explosive material is consumed, at this point the pressure wave reaches constants
values. In the second stage, the blast wave enters into contact with the inner wall of the tank, at that
moment, wave reflection processes occurring inside the vessel, these reflected waves result in blast
wave perturbations and changes in the internal pressure of the tank. In Figure 13 and Figure 14 the
stages of the explosion of TNT are shown for an explosive load of 1746 kg, this amount was calculated
using the equivalent TNT method presented above for the tank 55 (see Appendix section). In the first
stage, the expansion of the explosive load is observed, in this case, at 0.48 ms all TNT is consumed
resulting in values of the pressure profile which are constants until the blast wave enter into contact
with the inner wall of the vessel at 1.27 ms. Because the detonation point is located in (0, 0, 0), the
explosion has and symmetrical expansion; however, when the blast wave reaches the wall of the
vessel, in this case at 1.27 ms, the wave takes the form of the vessel and the reflective processes start.

Figure 13. Initial process of TNT explosion (load 1746 kg)
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Figure 14. Final process of TNT explosion (load 1746 kg)
When the blast wave reaches the inner wall, the expansion of the vessel begins. In the first instants,
an elastic deformations occurs causing a slight increase in diameter; however, the blast continues
applying pressure and plastic deformation takes place. Finally, the failure of the tank occurs when the
strain is equal or greater than the strain at fracture (𝛿) defined for each tank (see Appendix section).
At this moment, the fracture process starts due to formation and propagation of cracks and the
fragments are generated. The above process is shown in Figure 15 for the tank #55.

Figure 15. Fragmentation process of a spherical vessel
The AUTODYN’s fragment module allows to know the complete information of the fragments such
as: number, mass and velocity. In order to evaluate the distributions of the mass data, these were
compared with the Motts’s formula (Equation 53) for 3D fragmentation, which provides a good
agreement with experimental data according to the work developed by Elek and Jaramz [58]
3

𝑃(𝑚) = 𝑒 − √𝜔𝑚
Where 𝑃(𝑚) is the frequency associated with the mass 𝑚 and 𝜔 is defined as:
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(53)

𝜔=

6
𝑚
̅

(54)

Where 𝑚
̅ is the average fragment’s mass.
In Figure 16, the comparison between the mass data obtained from the numerical simulations and the
frequency calculated with the theoretical model is shown for four different tanks (ID: 1, 40, 53, and
100), the geometry characteristic and the material properties of these tanks are presented in Appendix
section. In all cases, the distribution of the fragment’s mass as well as the theoretical values have the
same tendency showing a decreasing behavior. In general, a high proportion of the fragments are
small and have low masses. Similarly, the quantity of the fragments is less for large mass values.
Although, the theoretical model is simple and has a similar behavior with data obtained from the
numerical simulations, it is only a geometric approach and does not take into account the material
properties of the source tank.

Figure 16. Frequency distribution of the mass data from simulations and its theoretical approach
With the number, mass and velocity data obtained from the simulations carried out on AUTODYN,
the Akaike Information Criterion (AIC) was used for all tanks, in order to find the probability density
functions of these data of the fragments.
As was mentioned earlier, the data for the number of fragments was classed in the single dataset. In
Figure 17 the best 4 probability density functions classed by AIC are shown, a Log-logistic mode was
defined as distribution function for the number of fragments.
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Figure 17. Probability density functions for number of fragments data
The Log-logistic distribution is defined as follows:
𝑓(𝑥|𝜇, 𝜎) =
Where 𝑧 =

1 1
𝑒𝑧
∙ ∙
; 𝑥≥0
𝜎 𝑥 (1 + 𝑒 𝑧 )2

(55)

(log(𝑥)−𝜇)

. From the AIC analysis 𝜇 = 4.2614 and 𝜎 = 0.1934

𝜎

In the case of mass and velocity data, the multiple dataset analysis mentioned in section 2.2.4 was
performed. The probability density functions by AIC for these data were Birnbaum-Saunders and
Generalized Extreme Value, respectively.


Birnbaum-Saunders distribution

𝑓(𝑥|𝛽, 𝛾) =

1
√2𝜋

∙ exp −

𝑥
𝛽
( √𝛽 − √ 𝑥 )
2𝛾 2

2

∙
) (

(

𝑥
𝛽
√𝛽 + √ 𝑥

(56)

2𝛾𝑥
)

Where 𝛽 > 0 and 𝛾 > 0, for 𝑥 > 0.


Generalized Extreme Value distribution
(𝑥 − 𝜇)
1
𝑓(𝑥|𝑘, 𝜇, 𝜎) = ∙ exp (− (1 + 𝑘 ∙
)
𝜎
𝜎
For 1 + 𝑘 ∙

(𝑥−𝜇)
𝜎

> 0.
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−

1
𝑘

(𝑥 − 𝜇)
) ∙ (1 + 𝑘 ∙
)
𝜎

1
−1−
𝑘

(57)

𝑘 > 0 corresponds to the Type II case, while 𝑘 < 0 corresponds to the Type III case. For 𝑘 =
0, corresponding to the Type I case, the density function is:
𝑓(𝑥|𝜇, 𝜎) =

(𝑥 − 𝜇)
(𝑥 − 𝜇)
1
∙ exp (− exp (−
)−
)
𝜎
𝜎
𝜎

(58)

With the purpose of these probability density functions can be used for any spherical SS 304 tank
between 1 and 20 m in diameter and between 10 and 90 mm in thickness, the parameters of each
distribution were related with the geometric characteristics of the simulated tanks using the following
model:
𝑍 = 𝐾1 ∙ 𝑋𝐾2 + 𝐾3 ∙ 𝑋

(59)

Where 𝑍 is a function of a parameter distribution, 𝑋 is an expression that depends of the tank size,
and 𝐾1 , 𝐾2 and 𝐾3 are constants of the model. In Table 9, the values of the Equation 59 are shown for
each parameter of the mass and velocity distributions. In addition, the coefficient of determination
(𝑅 2 ) is presented in order to evaluate the goodness of fit between the model and the real data.
Table 9. Values for the parameters of the distribution models
X
K1
K2
K3
R2
𝑇
0.6685
-0.2835
0
0.76
ln(𝛽)
𝛽
Birnbaum(𝐷)2
Mass
𝛾
Saunders
𝑇
-0.0012
0
3.238 0.95
𝛾
𝑚
𝐷
(1 − 𝑘)
𝐷
1.948
-0.9804
0
0.88
𝑘
𝑇
𝑚
Generalized
𝜎
𝑇
Velocity
Extreme
0.0026
0
7.478 0.78
𝜎
𝑚
𝐷
Value
𝜇
𝑇
-0.065
0
97.75 0.97
𝜇
𝑚
𝐷
Where 𝐷 is the diameter of the tank in meters, 𝑇 is the vessel’s thickness expressed in meters and 𝑚
Characteristic

Distribution

Parameter

Z

𝑅

is the inner radius/thickness ratio ( 𝑇𝑖).
With the above model it is only necessary to set the diameter and thickness of the spherical tank for
determine the distributions of the mass and velocity data of the fragments that may be generated after
an internal explosion. Noticed that when 𝐾3 = 0 the Equation 59 becomes into a power expression,
while when 𝐾2 = 0, it becomes into a linear model.
In the case of the size of the fragments, AUTODYN reported the characteristic lengths of each of
team, which are the longest lengths of each fragment. The data of the characteristic lengths of the
fragments generated in each numerical simulation, present a tendency of a power model with respect
to the mass data as is shown in Figure 18. The model that relates mass (𝑚𝑓 ) of the fragment and its
characteristic length (𝑙𝑓 ) is defined as follows:
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𝐶2

𝑙𝑓 = 𝐶1 ∙ (𝑚𝑓 )

(60)

Figure 18. Mass and characteristics length of the fragments generated in the 100 AUTODYN’s
simulations
Fitting the model proposed in Equation 60 with the data of each simulation, two data sets are obtained
for the parameters 𝐶1 and 𝐶2 . The parameter 𝐶1 can be related with the geometry characteristics of
the source tank in the same way that models shown in Table 9 as follows:
𝐶1 = 0.04624 ∙ (

𝐷2
)
𝑇

−0.5692

(61)

The above model has a coefficient of determination (𝑅 2 ) of 0.976. In the case of 𝐶2 , this parameter
does not present a relation with the geometry of the source tank or any other parameter associated
with it. For that reason and taking into account that the values of 𝐶2 are in a range between 0.4417
and 0.6734, this parameter was defined as a random variable. Its probability density function was
determined using the Akaike Information Criterion (AIC), with this method a Logistic model was
found as the best distribution for the parameter 𝐶2 , this model is defined in the following equation:
𝑥−𝜇
exp ( 𝜎 )
𝑓(𝑥|𝜇, 𝜎) =
𝑥 − 𝜇 ; −∞ < 𝑥 < ∞
𝜎 ∙ (1 + exp ( 𝜎 ))

(62)

From the AIC analysis 𝜇 = 0.5462 and 𝜎 = 0.021.
3.2. Projection and distribution of fragments
In the Figure 19 the paths of the fragments generated in 10 Monte-Carlo simulations for a source tank
with 10m in diameter and 25mm in thickness are shown, from their departure coordinates to their
ground impact points. In this figure it is possible to observe a general distribution of the fragments,
which have different ranges of ground impact due to the characteristic of the kinematic model,
specifically the random values defined for the parameters of the aerodynamic forces used in this
model. Also, the range of each fragment depends of the kinetic energy obtained after the explosion
of the vessel.
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Figure 19. Paths for fragments generated in 10 Monte-Carlo simulations
Figure 20 shows the distance of ground impact for the fragments generated in 5000 Monte-Carlo
simulations for 4 source tanks with 1, 5, 10 and 20 m in diameter and thickness of 40 mm. These
figures show that the heaviest fragments landed at closer distances to the source vessels, because in
those cases the weight force is dominant in the force balance presented in Equation 24; for that reason,
the range of those fragments is lower than the lightest projectiles. As might be expected, the mass of
the fragments depend of the vessel size, this makes that the large vessels have a higher number of
fragments closer to the source point. On the other hand, the lightest fragments reached long distances
due to in those cases the lift force is dominant during their trajectories. In addition, the division of the
source vessel into two volumes makes that the fragments of the lower half landed in shorter distances,
because for those fragments the lift force was neglected.

Figure 20. Mass distributions of fragments in function of the distance of ground impact
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The cumulative probability of ground impact was calculated in function of the distance of the
fragments ground impact for source tanks with 5, 10, 15 and 20 m in diameter and the same thickness
(50mm) and for source tanks with 30, 40, 50 and 60 mm in thickness and the same diameter (10m).
In the first case (Figure 21-a), the small vessels reach high cumulative probabilities in shorter
distances as compared to large vessels; moreover, it is possible to observe that at a distance of 300 m
all vessels reached cumulative probabilities close to 1. Additionally, the fragments from of large
vessels are distributed in a wider range, while the fragments of small vessels are nearer from each
other. On the other hand, in the second case (Figure 21-b), the thicker tanks have a wider distribution
of the fragments in a similar way as in the case of large vessels; likewise, the values of the cumulative
probabilities are close to 1 for distances of 300 m as in the first case. Nevertheless, it is important to
say that at 300 m the cumulative probabilities have values between 99% and 99.5%, and that
difference with 100% is related with between 300 and 1000 fragments, which have ground impacts
at distances exceeding 300 meters. In this way, in the first case, the maximum distances reached by a
fragment for the source vessels with 1, 5, 10 and 20 m in diameter are 11.09, 5.19, 2.11 and 2.20 km,
respectively. In the second case, the maximum distances are 2.03, 3.16, 2.10 and 3.45 km from the
thinner tank to the thicker, this demonstrates the random characteristic of this type of event.

Figure 21. Cumulative probability for the distance of ground impact, a. Thickness: 50mm, different
diameters, b. Diameter: 10m, different thickness
3.3. Domino effect assessment – Case study
With the information obtained from the numerical simulations (number of fragments, mass, velocity
and size data), the trajectory calculation and impact damage steps were developed. In Figure 22 the
coordinates of the centers of mass of the fragments that impact each tank are shown (green points),
as was to be expected, tanks closer to the source had more impacts than others. On the other hand, in
Figure 23, the fragments that caused damage on the different targets due to the impacts on them are
represented with red points. In this case, it is possible to observe that the amount of red points is less
than the green points, because not all fragments that impacted on the targets cause damage on them.
This could be due to the mass, the velocity and the angle of impact of the fragments or the material
properties of the target and its critical thickness, which are the variables that determine whether or
not the tank fails.
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Figure 22. Impact distribution

Figure 23. Fragments that caused damage, a. Spherical tanks, b. vertical cylindrical tanks, c.
horizontal cylindrical tanks

The probabilities of impact and damage related with Monte-Carlo simulations are shown in Figure
24. The probability of generation not was plotted because, as was mentioned earlier, it takes the value
of 1 for any number of simulations.
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Figure 24. Probability of impact and damage calculated with Monte-Carlo simulations
A clear tendency is observed in the above figures, in all cases the probabilities converge to a constant
value, this indicates that the model proposed in this work is stable. In the Table 10 the probabilities
calculated for each target are shown. The couple of tanks 1-2 have the same or almost the same impact
probability, because this couple of tanks are located at the same distance from the source tank. In the
case of the probability of damage the values are also very close; however, in this case the probability
associated to each target depends of the material properties and the mass, velocity and angle of the
fragments that impact them. The tank 5 has the lowest frequency of domino effect, this is due to its
value of impact probability; in this case, the tank 1 is located between the source and the tank 5, for
that reason, many of the fragments impact the tank 1 instead of the tank 5; in simple words, the tank
5 uses the tank 1 as a shield. A similar case occurs with the horizontal tanks, where the tank 8 use the
tanks 7 and 9 as a shelter, reducing the number of impacts as well as the probability of domino effect.
Table 10. Probabilities for the case study
ID
1
2
3
4
5
6
7
8
9

𝑷𝒈𝒆𝒏
1
1
1
1
1
1
1
1
1

𝑷𝒊𝒎𝒑
4.91E-02
4.64E-02
2.89E-02
6.44E-04
1.98E-04
5.45E-04
2.58E-03
1.21E-03
1.15E-03

𝑷𝒅𝒂𝒎
4.24E-01
5.63E-01
3.48E-01
1.68E-02
5.40E-03
1.50E-02
2.87E-02
9.80E-03
1.14E-02
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𝑷𝑫𝑬
2.08E-02
2.61E-02
1.00E-02
1.08E-05
1.07E-06
8.18E-06
7.40E-05
1.19E-05
1.31E-05

𝒇𝑫𝑬 [per year]
2.08E-08
2.61E-08
1.00E-08
1.08E-11
1.07E-12
8.18E-12
7.40E-11
1.19E-11
1.31E-11

3.4. Risk management
In process safety there are mainly 4 risk management strategies which have different levels of
intervention in process or system [59]:







Inherent: The basis of this strategy is avoid hazards instead of controlling them, for this it is
necessary eliminate or significantly reduce the hazard.
Passive: Reduce the consequence of likelihood of an incident arising from a hazard through
devices which do not require detection of an incident or action by any person or device (e.g.
barricades for explosions).
Active: Reduce the consequence of likelihood of an incident arising from a hazard by
detection of an incipient incident and activation of devices which interrupt the sequence of
events resulting in the incident or mitigate the consequences of the incident (e.g. sprinklers
for fires).
Procedural: Reduce the consequence of likelihood of an incident arising from a hazard by
detection of an incipient incident followed by implementation of procedures or human
activated devices to interrupt the sequences of events resulting in the incident or mitigate the
consequences of an incident (e.g. emergency stop buttons).

For this work, the risk management was focused in an inherent strategy, specifically, the inherently
safer design (ISD), which is based on 4 main methods or guidewords as shown below [60], [61]:
a. Minimize: Use smaller quantities of hazardous materials that are stored or processed.
b. Substitute: Replace a hazardous material with a safer one.
c. Moderate: Shift to less hazardous processes and materials, and modify facilities to minimize
the impact of hazardous chemical releases.
d. Simplify: Design facilities to eliminate unnecessary complexity and make operating errors
less likely and more forgiving.
Kletz [62] defined a fifth guideword known as limitation of effect, this is sometimes considered as a
“minor” guideword, as it accepts that a negative effect will somehow takes place. In general,
limitation of effect is classified as a subset of the Moderate guideword and it seeks to reduce and limit
the consequences or effects related with an accident.
The inherently safer design could be applied on any of the three phases which most accidents follow:
Initiation (generation), propagation (transportation) and termination (reception) [63]. In few words,
the initiation is related with the source of the hazard, the propagation is the way how this hazard could
affect other systems or installations, and the termination is associated with the facilities, equipment
or systems that could be affected.
In this work, the limitation of effects was used as guideword in the termination phase, in order to
reduce the likelihood of an escalation scenario when the internal explosion of a spherical vessel takes
place, for this, three alternatives are proposed. The first one, is about increase the target’s thickness,
in this way it is possible to reduce the probability of damage. The second one, is about increase the
distance between the targets and the source vessel, thereby, the probability of impact is modified.
Finally, a change of the target’s material is proposed, because a more resistant material could be
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generated a lower probability of domino effect. This risk management strategy could be used in the
design phase of a new storage area, when any tank has been built yet. As an example, this strategy
was implemented in the case study presented above.
The first step in this risk management strategy is to know how the probability of domino effect is
affected by the alternatives of ISD proposed above: increase the thickness, increase the distance and
change the material.
In the following figures the probability of domino effect is presented in function of the alternatives
applied on the 9 target tanks of the case study. In the first case, the increase of thickness was defined
between 0 and 50 mm. For the case of the distance, the increase was stablished in a range from 0 to
100 m. Finally, two materials were considered for the target tanks, SS316 and SS304, their
mechanical properties are presented in the Table 6. Each figure shows the data for each type of tank:
spheres, vertical cylinders and horizontal cylinders, identified with the ID available in Table 7.

Figure 25. Probability of domino effect in function of the increase of thickness for targets of SS304

Figure 26. Probability of domino effect in function of the increase of thickness for targets of SS316
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Figure 27. Probability of domino effect in function of the increase of distance for targets of SS304

Figure 28. Probability of domino effect in function of the increase of distance for targets of SS316
In the above figures it is possible to observe a clear tendency in the data for the spherical tanks (ID=1,
2 and 3), where the probability of domino effect decreases with the increase of thickness and distance.
On the other hand, for most of the vertical cylinders tanks (ID=4, 5 and 6) and horizontal cylinders
tanks (ID=7, 8 and 9) there is not a clear pattern between the data and the values of the alternatives,
this may be due to increase the thickness and the distances do not have a significant influence on the
values of the probability of domino effect of these tanks; thus, it is necessary to seek other alternatives
to reduce the risk of domino effect; however, this will be a subject to further studies. Because, only
the spherical tanks have a clear tendency of the data, from this point, the risk management strategy
was only implemented for these tanks.
The second step in the risk management strategy is used the data of the above figures to find models
that calculate the probability of domino effect (𝑃𝐷𝐸 ) in function of the increase of the thickness and
the distance. For this, an exponential model was fit for each dataset of the spherical tanks, these
equations are shown below with their respective determination coefficient:
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Equations of probability in function of the thickness(𝑇):












ID=1, SS304 (𝑅 2 : 0.99)
𝑃𝐷𝐸 = 0.1216𝑒 −0.074∙𝑇

(63)

𝑃𝐷𝐸 = 0.1383𝑒 −0.07∙𝑇

(64)

𝑃𝐷𝐸 = 0.065𝑒 −0.075∙𝑇

(65)

𝑃𝐷𝐸 = 0.11226𝑒 −0.067∙𝑇

(66)

𝑃𝐷𝐸 = 0.1309𝑒 −0.065∙𝑇

(67)

𝑃𝐷𝐸 = 0.064𝑒 −0.071∙𝑇

(68)

ID=2, SS304 (𝑅 2 : 0.99)

ID=3, SS304 (𝑅 2 : 0.99)

ID=1, SS316 (𝑅 2 : 0.99)

ID=2, SS316 (𝑅 2 : 0.99)

ID=3, SS316 (𝑅 2 : 0.99)

Equations of probability in function of the increase of distance(𝑥):












ID=1, SS304 (𝑅 2 : 0.99)
𝑃𝐷𝐸 = 0.0225𝑒 −0.108∙𝑥

(69)

𝑃𝐷𝐸 = 0.02𝑒 −0.064∙𝑥

(70)

𝑃𝐷𝐸 = 0.0153𝑒 −0.099∙𝑥

(71)

𝑃𝐷𝐸 = 0.0238𝑒 −0.107∙𝑥

(72)

𝑃𝐷𝐸 = 0.0207𝑒 −0.063∙𝑥

(73)

𝑃𝐷𝐸 = 0.0185𝑒 −0.106∙𝑥

(74)

ID=2, SS304 (𝑅 2 : 0.99)

ID=3, SS304 (𝑅 2 : 0.97)

ID=1, SS316 (𝑅 2 : 0.99)

ID=2, SS316 (𝑅 2 : 0.99)

ID=3, SS316 (𝑅 2 : 0.95)
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The next step is the economic assessment, because each of the alternatives presented above represents
a cost for the company that will build the storage area. For example, a thicker tank is more expensive
than a thinner one, as well as a change in the material could mean a higher investment. Cost functions
for the increase of thickness and the change of material were defined using data from Aspen Process
Economic Analyzer ®, this functions are presented below:


Cost function for the increase of thickness in a spherical vessel of SS304 and 10m in diameter.
𝐶𝑇 = 0.0248 ∙ 𝑇 + 0.3884



(75)

Cost function for the increase of thickness in a spherical vessel of SS316 and 10m in diameter.
𝐶𝑇 = 0.0329 ∙ 𝑇 + 0.3971

(76)

Where 𝐶𝑇 is the cost of change the thickness of the tank in millions of USD (MMUSD) and 𝑇 is the
thickness expressed in mm. The coefficient of determination (𝑅 2 ) is greater than 0.99 for both cost
functions with respect to the data obtained from Aspen Process Economic Analyzer ®.
The cost of increase the distance depends on factors such as: the type and cost of ground, the size of
the plant, the additional pipelines and connections, etc. However, for this example, the cost function
is defined as the opportunity cost related with the area of ground which is not used by moving the
tanks. This is illustrated in Figure 29, where a tank with diameter 𝐷 is moved a distance x and as
result an unusable area of size 𝑥 ∙ 𝐷 is generated. Based on that, a cost function was defined taking
into account an estimated value per 𝑚2 in an industrial zone and the installation base cost.
𝐶𝑑 = 0.001(𝑥 ∙ 𝐷) + 1.3

(77)

Where 𝐶𝑑 is the cost of change the distance in millions of USD (MMUSD), 𝐷 is the diameter of the
tank in meters and 𝑥 is the distance that the tank has been moved expressed in meters.

Figure 29. Scheme for increase the distance, a. Initial location, b. Location after increase the
distance
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Based on the above, the frequency of occurrence of a domino effect event was calculated in function
of the investment for each alternative proposed (increase of thickness, increase of distance and change
the material) for each spherical tank (ID=1, 2 and 3). The results are shown in the following figures,
where T and D indicate the functions calculated based on the increase of thickness and distance,
respectively.

Figure 30. Frequency of domino effect in function of the investment for each alternative, ID=1

Figure 31. Frequency of domino effect in function of the investment for each alternative, ID=2
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Figure 32. Frequency of domino effect in function of the investment for each alternative, ID=2

Using the information of the above figures it is possible to make decisions for the design and
distribution of the tanks in the storage area. There are many decision making scenarios; however, in
order to illustrate how this risk management strategy works, three scenarios were evaluated. It is
important to say that for this case the alternatives proposed above are mutually exclusive, this means,
if for any tank the selected alternative is increase the thickness is not possible increase the distances
and vice versa.


Decisions based on a budget limit

When the company defines a budget limit for changes that can be made in the storage area, it is
necessary to find which alternatives allow to obtain the greatest risk reduction. Thereby, if for
example, the company establishes a budget limit of 1.45 MMUSD for each tank, the best
configuration of the storage area would be:
Table 11. Results of the risk management strategy based on a budget limit
Alternative
ID

Material
T

1
2
3

D
X

X
X

SS304
SS304
SS304

Thickness
[mm]
25
42.8
42.8

Distance
from the
source
tank [m]
40
25
35.3

𝒇𝑫𝑬
[per year]

𝒇𝑫𝑬
[per year]

Before

After

2.08E-08
2.61E-08
1.00E-08

4.45E-09
6.91E-09
2.61E-09

Investment
[MMUSD]
1.45
1.45
1.45

In this case, the total investment was 4.35 MMUSD and the reductions on the frequency of domino
effect were 78.6%, 73.5% and 73.9% for the tanks 1, 2 and 3, respectively.
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Decisions based on an acceptable risk limit

The acceptable risk limit is related with the characteristic of the stored material such as:
dangerousness (inflammability, reactivity and toxicity), the importance of the substance in the
process, among others. The risk limit could be defined from guidelines for risk assessment [64]. As
an example, if the company defines a frequency of domino effect of 5.00E-09 per year as risk limit
for each tank, the best configuration of the storage area would be:
Table 12. Results of the risk management strategy based on an acceptable risk limit
Alternative
ID

Material
T

1
2
3

D
X
X

X

SS304
SS304
SS304

Thickness
[mm]
25
25
34.2

Distance
from the
source
tank [m]
38.9
46.7
35.3

𝒇𝑫𝑬
[per year]

𝒇𝑫𝑬
[per year]

Before

After

2.08E-08
2.61E-08
1.00E-08

5.00E-09
5.00E-09
5.00E-09

Investment
[MMUSD]
1.439
1.517
1.237

In this case, the total investment was 4.193 MMUSD and the reductions on the frequency of domino
effect were 76 %, 80.8% and 50% for the tanks 1, 2 and 3, respectively.


Decisions based on ALARP criterion

ALARP is short for “As Low As Reasonably Practicable” and represents a region between the upper
limit, intolerable level of risk, and the lower limit, negligible risk. In the case of upper limit, the risk
cannot be justified on any grounds and must be reduced. On the other hand, in the lower limit, the
risk is negligible and no action is required; this case is also related with scenarios where any additional
investment does not result in a significant change in the value of risk [59]. With this in mind, the best
configuration of the storage area based on the ALARP criterion would be
Table 13. Results of the risk management strategy based on ALARP criterion
Alternative
ID

Material
T

1
2
3

D
X
X
X

SS304
SS304
SS316

Thickness
[mm]
25
25
25

Distance
from the
source
tank [m]
74.5
102.8
90.9

𝒇𝑫𝑬
[per year]

𝒇𝑫𝑬
[per year]

Before

After

2.08E-08
2.61E-08
1.00E-08

1.07E-10
1.38E-10
5.12E-11

Investment
[MMUSD]
1.795
2.078
1.856

In this case, the total investment was 5.729 MMUSD and the reduction on the frequency of domino
effect was 99% for all tanks.
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4. CONCLUSIONS
Numerical simulations of the internal explosions of 100 spherical SS 304 tanks were developed using
a Lagrangian discretization for the tanks and SPH discretization for the explosive material. Mott’s
theory allowed imposing some material heterogeneity using a stochastic failure distribution, in order
to have a more realistic representation of fragmentation process. The results obtained by numerical
simulations are consistent with theoretical models of fragmentations based on geometric approaches.
The probability density functions of the number, mass, velocity data of the fragments generated after
the explosion present probabilistic distributions log-logistic, Birnbaum-Saunders and Generalized
extreme value, respectively. While the size of the fragments was defined in function of their masses.
Additionally, was possible to relate these distributions with the geometric characteristics of the
simulated tanks in order to be able to use them for any spherical SS304 tank between 1 and 20 m in
diameter and with thickness in a range from 10mm to 90mm.
A strategy for the evaluation of the impact condition was defined from the properties of the Delaunay
triangulation. Likewise, the penetration model used for calculating the probability of damage was
adjusted in order to take into account the operating pressure of the tank as well as the statistical
properties of the mechanical properties of the targets.
With this information, the probability of a domino effect scenario takes place due to the projection of
fragments was calculated for a case study of a storage area with 9 target tanks with spherical and
cylindrical geometries. In general, the calculated probabilities depend of the distances of the targets
from the source tank as well as the distribution of them in the storage area.
Finally, an example of risk management strategy was proposed in order to show how to use the
probabilistic information, obtained from the assessment methodology, as a tool for the decision
making process in the design and modification of a storage area in a company, with the purpose of
minimize the effects of this kind of domino effect scenarios inside the plant.

5. FUTURE WORK
This work is a first step in the complete assessment of the domino effect scenarios due to projection
of fragments. However, it is necessary to improve the numerical simulation of the explosion of the
source vessel avoiding some simplifications in order to reduce the uncertainty related with the
fragmentation process. Likewise, the kinematic model could be complemented with aerodynamic
factors like turbulence. Also, the penetration model could be developed for different fragment’s
geometries. In addition, the risk management strategy proposed in this work could be complemented
and taken into account in risk assessments methodologies such as QRA (Quantitative Risk
Assessment). Finally, it is necessary to develop an assessment methodology which takes into account
all causes of domino effect: heat radiation, overpressure and impact of fragments.
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6. NOMENCLATURE
6.1. Roman symbols
𝐴𝐷 : Drag surface [m2]
𝐴𝐿 : Lift surface [m2]
𝐶𝐷 : Drag coefficient [-]
𝐶𝐿 : Lift coefficient [-]
𝐶0 : Bulk sound speed [m/s]
⃗ : Drag force [N]
𝐷
𝐺𝑝′ : Derivate 𝑑𝐺/𝑑𝑃 [-]
𝐺𝑡′ : Derivate 𝑑𝐺/𝑑𝑇 [kPa/K]
𝑔: Gravitational acceleration [m/s2]
𝐼 : Inertia force [N]
𝐿⃗: Lift force [N]
𝐿: Fragment length [m]
𝑚𝑓 : Fragment mass [kg]
𝑛: Hardening exponent [-]
𝑃0 : Atmospheric pressure [MPa]
𝑇: Fragment thickness [m]
𝑇𝐾 : Temperature [K]
𝑣𝑓 : Fragment velocity [m/s]
⃗⃗⃗⃗
⃗⃗⃗ : Weight force [N]
𝑊
𝑊: Fragment width [m]
𝑌0 : Initial yield stress
𝑌𝑚𝑎𝑥 : Maximum yield stress
𝑌𝑝′ : Derivate 𝑑𝑌/𝑑𝑃 [-]

6.2. Greek symbols
𝛼: Hardening constant [-]
𝜌𝑎𝑖𝑟 : Density of air [kg/m3]
𝜌𝑇𝑁𝑇 : Density of TNT [kg/m3]
φ: Vertical departure angle [°]
𝜃: Horizontal departure angle [°]
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8. APPENDIX
8.1. Tanks data
ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Diameter Thickness
𝑺𝒀
𝑺𝑼
𝜹
[m]
[mm]
[MPa] [MPa] [-]
1.19
40.91
326.48 643.27 0.55
1.23
20.02
254.45 647.62 0.53
1.33
38.01
288.14 563.80 0.59
1.36
22.21
300.20 585.39 0.72
1.40
13.54
251.33 624.98 0.55
1.86
26.36
285.75 713.47 0.61
1.88
44.20
286.87 611.03 0.52
2.43
17.93
282.10 635.66 0.66
2.63
40.35
339.71 580.31 0.55
2.67
39.78
264.89 663.24 0.64
2.94
11.79
268.51 539.18 0.54
3.05
14.64
250.24 608.94 0.61
3.12
34.13
313.25 674.28 0.47
3.13
68.85
264.92 693.85 0.64
3.25
11.17
308.58 599.82 0.62
3.60
10.29
301.75 649.06 0.55
3.80
10.63
279.46 600.90 0.52
3.81
12.26
282.06 584.69 0.47
4.03
28.12
283.23 656.18 0.63
4.37
41.81
292.55 637.20 0.55
4.50
16.64
288.12 635.32 0.50
4.54
11.95
266.64 638.57 0.60
5.01
33.98
305.33 709.46 0.65
5.53
15.56
296.21 624.98 0.46
5.61
15.62
277.03 690.07 0.56
5.65
15.90
297.42 710.07 0.60
5.68
46.69
346.47 669.04 0.65
5.89
42.78
305.89 640.32 0.64
6.06
18.81
223.95 638.78 0.76
6.08
23.49
271.97 635.86 0.66
6.17
16.06
266.42 739.61 0.63
6.58
31.70
261.29 687.86 0.58
6.71
24.47
297.52 576.35 0.58
6.72
25.59
255.95 664.87 0.68
6.82
21.91
268.13 691.50 0.56

ID
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
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Diameter Thickness
𝑺𝒀
𝑺𝑼
𝜹
[m]
[mm]
[MPa] [MPa] [-]
7.26
22.50
304.38 685.75 0.70
7.33
27.54
304.74 656.09 0.54
7.74
35.12
301.55 619.56 0.66
7.81
21.97
273.97 743.01 0.70
8.14
23.75
283.69 661.56 0.55
8.35
28.69
335.95 666.75 0.50
8.36
42.74
319.50 697.02 0.45
8.39
23.16
272.41 668.71 0.72
8.44
23.68
260.01 623.20 0.65
8.64
23.03
280.05 606.15 0.51
8.86
18.35
296.84 661.42 0.56
9.09
41.43
266.39 559.32 0.65
9.50
64.95
311.48 581.57 0.62
10.14
38.32
316.72 665.64 0.50
10.15
27.94
259.26 597.82 0.68
10.62
37.78
280.19 649.39 0.64
10.64
29.47
297.34 587.53 0.63
10.80
28.07
304.90 604.19 0.70
10.84
28.06
292.91 640.80 0.66
11.19
29.29
298.89 715.19 0.64
11.67
54.56
312.92 702.15 0.53
11.69
26.93
294.68 659.31 0.56
11.71
47.57
252.37 642.82 0.64
12.15
54.00
300.07 607.12 0.60
12.36
38.44
268.75 628.03 0.66
12.86
45.17
316.67 677.26 0.61
12.95
34.13
300.62 593.55 0.56
13.02
74.32
243.67 589.89 0.62
13.21
63.47
319.39 634.85 0.60
13.40
52.46
307.17 679.55 0.59
13.53
64.21
237.68 680.50 0.60
13.54
21.40
275.91 680.22 0.58
14.16
41.19
302.42 725.85 0.76
14.52
59.96
290.76 741.77 0.59
14.56
40.25
278.84 629.50 0.64

ID
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

Diameter Thickness
𝑺𝒀
𝑺𝑼
[m]
[mm]
[MPa] [MPa]
14.57
59.31
276.84 609.23
14.72
48.57
353.68 623.88
14.89
57.11
298.16 694.27
15.81
74.26
249.48 610.28
15.81
44.08
262.10 538.61
16.10
80.62
253.73 640.90
16.25
63.39
339.45 612.16
16.30
61.07
272.23 634.82
16.35
40.41
279.91 609.34
16.73
46.26
233.68 722.98
16.93
53.45
284.40 693.31
17.09
52.43
282.11 678.43
17.20
47.28
242.38 645.87
17.56
72.31
281.68 669.10
17.69
91.66
290.36 638.19

𝜹
[-]
0.74
0.59
0.54
0.61
0.62
0.60
0.47
0.70
0.63
0.62
0.54
0.61
0.56
0.60
0.60

ID
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

Diameter
[m]
17.69
17.89
18.28
18.46
18.49
18.51
18.66
18.71
18.79
18.81
19.07
19.22
19.42
19.67
19.88

Thickness
[mm]
57.46
58.94
53.03
49.74
57.99
63.74
60.35
46.09
83.32
76.19
90.54
60.14
63.15
77.49
52.90

8.2. List of probability density functions
Probability Density Function 𝝓 Size
Beta
2
Birnbaum-Saunders
2
Exponential
1
Extreme Value
2
Gamma
2
Generalized Extreme Value
3
Generalized Pareto
2
Inverse Gaussian
2
Logistic
2
Log-logistic
2
Lognormal
2
Nakagami
2
Normal
2
Rayleigh
1
Rician
2
T Location-Scale
3
Weibull
2
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𝑺𝒀
[MPa]
266.08
321.25
288.21
279.76
258.62
289.28
278.74
333.51
255.61
285.23
276.75
301.07
253.28
299.30
281.25

𝑺𝑼
[MPa]
700.17
578.88
653.49
564.93
659.29
664.19
630.16
625.02
647.57
676.83
685.37
590.65
710.85
660.24
627.25

𝜹
[-]
0.56
0.55
0.62
0.61
0.50
0.60
0.61
0.63
0.53
0.57
0.59
0.58
0.63
0.61
0.59

